Abstract This study investigates the molecular mechanisms by which minocycline, a second generation tetracycline, prevents cardiac myocyte death induced by in utero cocaine exposure. Timed mated pregnant Sprague-Dawley (SD) rats received one of the following treatments twice daily from embryonic (E) day 15-21 (E15-E21): (i) intraperitoneal (IP) injections of saline (control); (ii) IP injections of cocaine (15 mg/kg BW); and (iii) IP injections of cocaine ? oral administration of 25 mg/kg BW of minocycline. Pups were killed on postnatal day 15 (P15). Additional pregnant dams received twice daily IP injections of cocaine (from E15-E21) ? oral administration of a relatively higher (37.5 mg/kg BW) dose of minocycline. Minocycline treatment continued from E15 until the pups were sacrificed on P15. In utero cocaine exposure resulted in an increase in oxidative stress and fetal cardiac myocyte apoptosis through activation of c-Jun-NH 2 -terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK)-mediated mitochondria-dependent apoptotic pathway. Continued minocycline treatment from E15 through P15 significantly prevented oxidative stress, kinase activation, perturbation of BAX/BCL-2 ratio, cytochrome c release, caspase activation, and attenuated fetal cardiac myocyte apoptosis after prenatal cocaine exposure. These results demonstrate in vivo cardioprotective effects of minocycline in preventing fetal cardiac myocyte death after prenatal cocaine exposure. Given its proven clinical safety and ability to cross the placental barrier and enter into the fetal circulation, minocycline may be an effective therapy for preventing cardiac consequences of in utero cocaine exposure.
Introduction
Substance abuse has increased substantially in the past decade and cocaine is the most frequently reported drug of abuse in emergency room visits [1, 2] . Cocaine is common in pregnant women with a history of substance abuse, which readily crosses the placenta into the fetal circulation [3] affecting the placenta and fetus with detrimental consequences. Offspring born to mothers with a history of cocaine abuse have a high incidence of congenital cardiovascular malformations, including ischemia, myocarditis and development of cardiomyopathy, and arrhythmias [4] [5] [6] . There is accumulating evidence that prenatal cocaine exposure increases cardiac myocyte apoptosis in neonatal rats and its susceptibility to ischemia-reperfusion injury in both adolescent and adult males [7, 8] . Earlier in vitro studies also suggest the involvement of the mitochondria-dependent apoptotic pathway in cardiac myocyte apoptosis in response to cocaine exposure [9] . Cardiac myocyte apoptosis plays an important role in the morphogenesis and remodeling of mammalian heart during the first 2 postnatal weeks [10, 11] and has been implicated as a mechanism in the development of cardiac failure of both ischemic and non-ischemic origins [12] [13] [14] [15] . Despite the recognition that inhibition of cardiac myocyte apoptosis is a logical target for novel therapies for preventing heart failure [14, 15] , little is known about the mechanisms by which in utero cocaine exposure triggers the mitochondriadependent death pathway and cardiac myocyte apoptosis in the offspring and its therapeutic intervention. An understanding of these mechanisms is indispensable for the rational design of antiapoptotic therapies.
Mitogen-activated protein kinases (MAPKs) comprise a family of serine/threonine kinases that function as critical mediators of a variety of extracellular signals [16, 17] . Members of the MAPK super-family include the extracellular signal-regulated kinase (ERK), the c-Jun NH 2 -terminal kinase (JNK), also known as stress-activated protein kinase (SAPK), and the p38 MAP kinase (p38 MAPK). ERK1 and ERK 2 are activated in response to growth stimuli and promote cell growth, whereas both JNK and p38 MAPK are activated in response to a variety of environmental stresses and inflammatory signals and promote apoptosis and growth inhibition [16, 17] . The role of these MAPKs in the regulation of fetal cardiac myocyte apoptosis is not well known and the conclusions of several studies indicate that the regulation of apoptosis by MAPKs varies depending on tissue type, nature of the apoptotic stimulus, and duration of their activation [16, 17] . Additionally, in cardiac myocytes, the role of these kinases has been reported to even vary between in vitro and in vivo settings [18] . Li et al. [9] have provided evidence indicating that cocaine induces apoptosis in fetal rat myocardial cells (FRMCs) through activation of p38 MAPK together with the inhibition of the ERK. However, we do not know whether these pathways are also the key pathways for induction of apoptosis in fetal cardiac myocytes after prenatal cocaine exposure.
Minocycline, a second generation tetracycline, has been shown to effectively inhibit cytosolic translocation of cytochrome c and activation of the mitochondria-dependent death pathway in various cell systems [19] [20] [21] [22] , which is also the key pathway for cardiac myocyte and skeletal muscle cell apoptosis [23] [24] [25] . Minocycline is orally bioavailable and has a proven safety record in human [26] . This compound is well tolerated in prolonged administration protocol and has robust neuroprotective effects in rodent models of neurodegeneration, cerebral ischemia, and traumatic brain injury [26, 27] . Like neuronal systems, minocycline is also effective in protecting male germ cells from undergoing apoptosis triggered by deprivation of gonadotropins [21] or by heat stress [22] . We therefore hypothesize that minocycline, through inhibition of p38 MAPK and JNK-mediated mitochondria-dependent death pathway would prevent fetal cardiac myocyte death induced by prenatal cocaine exposure. Thus, in the present study, we examined the minocycline-mediated signal transduction pathways that attenuate cardiac myocyte apoptosis triggered by prenatal cocaine exposure.
Materials and methods

Animals and experimental protocol
Time-mated pregnant Sprague-Dawley (SD) rats were purchased from Charles River Laboratories (Wilmington, MA) and housed in a standard animal facility under controlled temperature (22°C) and photoperiod (12 h of light, 12 h of darkness) with food and water ad libitum.
In experiment 1, pregnant dams received one of the following treatments twice daily from embryonic (E) day 15 to 21 (E15 to E21): (i) intraperitoneal (IP) injections of saline (control); (ii) IP injections of 15 mg/kg BW of cocaine [7, 28] ; and (iii) IP injections of cocaine ? oral administration of 25 mg/kg BW of minocycline [21] . Pups were killed on postnatal (P) day 15 (P15), a critical time point, in which cardiac myocyte apoptosis plays a pivotal role in the morphogenesis and remodeling of the heart [10, 11] . Given the gender specific effects of in utero cocaine exposure with male pups being more susceptible than female pups [8, 28] , we elected to use only the male pups.
In experiment 2 (designed after the results of the first experiment were known), additional pregnant dams received twice daily IP injections of cocaine (E15 to E21) ? oral administration of a relatively higher dose (37.5 mg/kg BW) of minocycline. Minocycline treatment continued from E15 until the pups were killed on P15. Pups were kept with their mothers and allowed to be breast-fed ad libitum. Moms were not given cocaine after delivery.
At autopsy, ventricles from 10 male pups in each group were quickly removed and frozen in liquid nitrogen for subsequent measurements of oxidative stress, kinase activation, and changes in protein expression. Ventricles form five additional pups in each group were fixed with 4% formalin for terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL), immunohistochemistry, and immunofluorescence studies. Ventricles from three additional pups were fixed with 2.5% glutaraldehyde, post-fixed into 1% osmium tetroxide, and processed for routine electron microscopy [22, 24] . Animal handling and experimentation were in accordance with the recommendation of the American Veterinary Medical Association and were approved by the Charles R. Drew University School of Medicine and Science animal care and use review committee.
Histology and TUNEL
Cardiac pathology was evaluated using conventional histological analysis on haematoxylin and eosin or Masson's trichrome staining. In situ detection of cells with DNA strand breaks was performed in formalin-fixed, paraffinembedded ventricular sections by the TUNEL technique [24, 25, 29, 30] using an ApopTag-peroxidase kit (Chemicon International, Inc., San Francisco, CA). Enumeration of TUNEL-positive nuclei was carried out in ventriclular sections stained with ApopTag peroxidase kit using an American Optical Microscope with an X40 objective and a pair of X10 eyepieces. Methyl green was used as a counterstain to detect non apoptotic nuclei. A square grid fitted within one eyepiece provided a reference of 62,500 lm 2 . The rate of cardiac myocyte apoptosis was expressed as the percentage of the TUNEL-positive apoptotic nuclei per total nuclei (apoptotic plus non apoptotic) present within the reference area [24, 25, 30] .
Measurements of reduced (GSH) and oxidized (GSSG) glutathione and 4-hydroxy-trans-2-nonenal (4-HNE) levels
The GSH/GSSG ratio in the ventricle was measured using a commercial kit (BIOXYTECH Ò GSH/GSSG-412 TM assay kit (OXISResearch TM , A division of Oxis Health Product, Inc., Portland, OR), as described previously [31] . This assay, using different sample preparations, measures both reduced (GSH) and oxidized (GSSG) concentrations and the GSH/ GSSG ratio. The omission or addition of 1-methyl-2-vinlylpyridinium trifluromethanesulfonate allows the measurement of GSH and GSSG, respectively. The GSH/GSSG ratio is inversely related to reactive oxygen species levels (ROS) levels.
Further evaluation of oxidative stress was achieved by measuring 4-HNE levels, a biomarker of oxidative stress [32, 33] , using an ELISA kit (Cell Biolabs, San Diego, CA), as described previously [31] . In brief, 4-HNE protein adducts present in the sample or standard are probed with the primary 4-HNE antibody, followed by a HRP-conjugated secondary antibody. The 4-HNE protein adduct content in unknown sample is determined by comparing with the standard curve that is prepared from predetermined HNE-BSA standards.
Measurements of kinase activation
Activation of p38 MAPK and JNK in ventricular lysates were measured by TiterZyme EIA kit (Assay Designs Inc., Ann Arbor, MI), as described previously [30, 34, 35] .
Immunofluorescence analysis
Activation of p38 MAPK and JNK in fetal cardiac myocytes undergoing apoptosis was also detected by confocal microscopy using double immunostaining as previously described [24, 29, 30, 34] . In brief, after deparaffinization and rehydration, tissue sections were incubated with proteinase K for 45 min at 37°C, washed in distilled water, and then incubated with a mixture containing digoxigeninconjugated nucleotide and TdT in a humidified chamber at 37°C for 1 h and subsequently treated with antidigoxigenin-fluorescein for 30 min in the dark. After fluorescein staining, slides were washed in PBS and incubated with blocking serum for 20 min to reduce nonspecific antibody binding. Slides were then incubated in a humidified chamber for overnight at 4°C with a rabbit polyclonal phospho-p38 MAPK, which detects p38 MAPK only when phosphorylated at tyrosine 182 (1:100) or phospho-JNK, which detects JNK only when phosphorylated at threonine 183 and tyrosine 185 antibody (1:100) from Santa Cruz Biotechnology, Santa Cruz, CA, followed by goat antirabbit Texas Red-labeled secondary antibody (1:100; Vector Laboratories, Burlingame, CA) for 45 min at room temperature, washed, and mounted in ProLong Antifade (Molecular Probes, Eugene, OR). Identification of apoptotic cardiac myocytes was achieved by confocal microscopy using double immunostaining with active caspase 3 (1:50; Cell Signaling Technology, Beverly, MA) and a-actinin (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), a marker of cardiac myocyte [36, 37] . For negative controls, sections were either treated only with secondary antibody or primary antibody that was pre-incubated with blocking peptide, and no signals were detected.
Western blotting
Western blotting was performed using ventricular lysates as described previously [24, 25, 29, 30, 34] . In brief, proteins (50-80 lg) were separated on a 4-12% SDS-polyacrylamide gel with MES or MOPS buffer purchased from Invitrogen (Carlsbad, CA, USA) at 200 V. Gel was transferred on a Immuno-blot PVDF Membrane (Bio-Rad, Hercules, CA) overnight at 4°C. Membranes were blocked in blocking solution (0.3% Tween 20 in Tris-buffered saline and 10% nonfat dry milk) for 1 h at room temperature then probed using rabbit polyclonal phospho-JNK All antibodies were diluted in blocking buffer. For immunodetection, membranes were washed three times in TBS-T wash buffer, incubated with ECL solutions per the manufacturer's specifications (Amersham Biosciences), and exposed to Hyper film ECL. The membranes were stripped and reprobed with a rabbit polyclonal glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:2000) for normalization of the loading. Band intensities were determined using Quantity One software from Bio-Rad (Hercules, CA). All measurements were replicated at least three times.
Measurements of mitochondrial cytochrome c release into cytosol
Measurements of cytosolic translocation of mitochondrial cytochrome c were achieved by subcellular fractionation and Western blotting as described previously [21, 22, 24, 29, 34] . The purity of the mitochondrial and cytosolic fractions were validated by Western blotting using antibodies to cytochrome c oxidase subunit IV (COX IV; 1:500, Molecular Probes, Eugene, OR) and actin (1:2000; Sigma-Aldrich), respectively.
Statistical analysis
Statistical analyses were performed using the SigmaStat 2.0 Program (Jandel Cooperation, San Rafael, CA). Data are presented as mean ± SE unless otherwise indicated. We used one-way ANOVA to compare group differences. If overall ANOVA revealed significant differences, post hoc comparisons were performed using Tukey's test or Student-Newman-Keuls test. Differences were considered significant if P \ 0.05.
Results
Concomitant administration of minocycline (25 mg/kg BW) from E15 to E21 fails to prevent in utero cocaineinduced activation of p38 MAPK, JNK, caspases, and fetal cardiac myocyte apoptosis (experiment 1)
We first assessed whether concomitant administration of minocycline (25 mg/kg BW) from E15 to E21 can prevent fetal cardiac myocyte apoptosis induced by in utero cocaine exposure. Apoptosis was detected by TUNEL. Compared with controls, where no apoptosis was detected (Fig. 1a) , prenatal cocaine exposure resulted in a marked increase in the incidence of cardiac myocyte apoptosis in the ventricle at P15 (Fig. 1b) . Incidence of apoptosis was essentially similar between cocaine and cocaine plus minocycline treated groups (Fig. 1b) . We also quantitated the incidence of apoptosis, expressed as the percentage of TUNEL-positive nuclei per total nuclei (apoptotic plus non-apoptotic nuclei) counted in a unit reference area, in various treatment groups. The incidence of fetal cardiac myocyte apoptosis was very low in controls (1.68 ± 0.22) but exhibited a significant (P \ 0.001) increase at P15 (7.23 ± 0.52) after prenatal cocaine exposure. No significant changes in the number apoptotic nuclei were noted between cocaine and cocaine plus minocycline treated (6.38 ± 0.68) groups. The identity of apoptotic cardiac myocytes was characterized by double immunofluorescence staining for a-actinin, a cardiac myocyte marker [36, 37] , and caspase 3 (Fig. 1c, d ). Electron microscopic observation further confirmed the apoptotic nature and the identity of dying cells as cardiac myocytes (Fig. 1e, f) . Consisting with the findings of a recent study [38] , we found no perivascular or interstitial fibrosis in ventricles of neonates after short-term (from E15 to E21) prenatal cocaine exposure (data not shown).
In utero cocaine exposure also resulted in increased expression of phospho-p38 MAPK, phospho-JNK, active caspase 9, and active caspase 3 in ventricular lysates as evidenced by immunoblotting (Fig. 1g) . However, prenatal cocaine exposure had no effect on ERK activation (Fig. 1g) . Consistent with its failure to prevent fetal cardiac myocyte apoptosis, minocycline treatment, within the study paradigm, had no discernible effect on activation of p38 MAPK, JNK, and caspases 9 and 3 (Fig. 1g) . These findings were substantiated by densitometric analysis (data not shown).
Continued minocycline (37.5 mg/kg BW) treatment from E15 to P15 attenuates fetal cardiac myocyte apoptosis (experiment 2)
In this study, as a first step, we examined whether continued administration of a relatively higher dose (37.5 mg/kg BW) of minocycline from E15 until the pups were killed on P15 would confer resistance to in utero cocaine exposureinduced fetal cardiac myocyte apoptosis. Minimal cardiac myocyte apoptosis was detected in controls (Fig. 2a) . As in the first experiment, in utero cocaine exposure resulted in a marked increase in the incidence of cardiac myocyte apoptosis at P15 (Fig. 2b) . Minocycline treatment, within the study paradigm, markedly suppressed fetal cardiac myocyte apoptosis triggered by in utero cocaine exposure (Fig. 2c) . Morphometric analysis further confirmed histological findings and revealed that minocycline treatment significantly (P \ 0.001) prevented cardiac myocyte apoptosis after prenatal cocaine exposure to levels compared to controls (Fig. 2d) .
Continued minocycline treatment from E15 to P15 prevents in utero cocaine exposure-induced oxidative stress and activation of p38 MAPK, JNK, and caspases in fetal hearts
We next investigated the mechanisms by which minocycline protects fetal cardiac myocyte apoptosis induced by prenatal cocaine exposure. To determine whether in utero cocaine exposure induces oxidative stress in fetal hearts, we measured the GSH/GSSG ratio, which is inversely related to ROS levels, in ventricular samples. Compared to controls, there was a significant (P \ 0.01) increase in oxidative stress as evidenced by low GSH/GSSG ratio in the ventricles at P15 after prenatal cocaine exposure Fig. 1 In situ detection of cardiac myocyte apoptosis detected by TUNEL assay. At P15, compared with controls (a), in which little or no apoptosis is detected, a marked increase in the incidence of cardiac myocyte apoptosis is evident in the ventricles after prenatal cocaine exposure (b). Concomitant administration of minocycline (25 mg/kg BW) from E15 to E21 fails to prevent in utero cocaine exposureinduced activation of cardiac myocyte apoptosis in fetal hearts. Scale bar = 50 lm. c Representative examples of cardiac myocytes stained with a-actinin. Chromatin was stained with DAPI. Scale bar = 15 lm. d Co-staining for caspase 3 (green) and a-actinin (red) shows activation of caspase 3 in cardiac myocytes. Scale bar = 10 lm. e, f The overall morphology of apoptotic cardiac myocytes.
Note varying degrees of chromatin condensation and fragmentation typical of apoptosis. Scale bar = 2 lm (e) and 1 lm (f). g Western blot analysis of ventricular lysates shows increased levels of phosphop38 MAPK (p-p38 MAPK) and phospho-JNK (p-JNK) and active caspase 9 and caspase 3 in neonatal hearts after prenatal cocaine exposure compared with controls. Concomitant administration of minocycline fails to prevent in utero cocaine exposure-induced activation of p38 MAPK, JNK, and caspases. The gels are representative of three pups in each group from one of three separate experiments (n = 10 pups per group). GAPDH in the immunoblot is shown as a loading control. Con, Control; Coc, Cocaine; and Coc ? M, Cocaine plus minocycline (Color figure online) Apoptosis (2011) 16:563-573 567 (Fig. 3a) . We also examined another biomarker of oxidative stress, the lipid peroxidation marker 4-HNE [32, 33] in the ventricles of neonates. As shown in Fig. 3b , in utero cocaine exposure also led to a significant (P \ 0.001) increase in the levels of 4-HNE protein adducts in fetal hearts compared to controls. Notably, continued minocycline (37.5 mg/kg BW) treatment from E15 up to P15 significantly prevented in utero cocaine exposure-induced oxidative stress in fetal hearts (Fig. 3a, b) . Since oxidative stress can promote activation of both p38 MAPK and JNK, which through mitochondriadependent intrinsic pathway signaling promotes apoptosis in various cell types [reviewed in 39], we examined the contribution of these kinases in fetal cardiac myocyte apoptosis triggered by in utero cocaine exposure by EIA as well as by immunoblotting. EIA revealed a significant (P \ 0.005) increase in both phospho-JNK (Fig. 3c) and phospho-p38 MAPK (Fig. 3d ) levels in fetal ventricles after prenatal cocaine exposure when compared with controls, which could be significantly (P \ 0.005) prevented by minocycline treatment. As shown in Fig. 4a , immunoblot analysis also revealed significantly (P \ 0.05) increased levels of both phospho-p38 MAPK (by 1.5-fold) and phospho-JNK (by 1.7-fold) in ventricles from pups at P15 after prenatal cocaine exposure compared with that of control pups. Given the opposing effects of ERK and JNKp38 MAPK on apoptosis [16, 17] , we next investigated the contribution of ERK in fetal cardiac myocyte death after prenatal cocaine exposure. Unlike p38 MAPK or JNK, in utero cocaine exposure had no effect on ERK activation. Continued minocycline (37.5 mg/kg BW) treatment from E15 up to P15 significantly (P \ 0.05) prevented such in utero cocaine exposure-induced activation of p38 MAPK and JNK in fetal ventricles (Fig. 4a) . Double immunofluorescence staining of phospho-p38 MAPK or phospho-JNK and TUNEL in ventricular sections of pups after prenatal cocaine exposure further confirmed activation of p38 MAPK or JNK (data not shown) in fetal cardiac myocytes undergoing apoptosis (Fig. 4b) .
Because the ratio of anti-apoptotic and pro-apoptotic BCL-2 family members such as BCL-2/BAX constitutes a rheostat that sets the thresholds for susceptibility to apoptosis in the intrinsic pathway signaling [40] , we examined the expression of profiles of BAX and BCL-2 and activation of caspases by immunoblotting (Fig. 5) . Compared to controls, we found a significant (P \ 0.05) increase in BAX by 2.1 fold with no apparent changes in BCL-2 levels in ventricular lysates from 15-day-old neonates after prenatal cocaine exposure, suggesting perturbation of the BAX/BCL-2 ratio. Continued minocycline (37.5 mg/kg BW) treatment significantly (P \ 0.05) prevented in utero cocaine exposure-induced up regulation of BAX in fetal hearts. Interestingly, we found significantly (P \ 0.05) elevated levels of BCL-2 over the values measured in controls or in neonates after in utero cocaine exposure in the ventricles of neonates after minocycline treatment. Compared with control neonates, where no expression was detected, we found significantly (P \ 0.001) increased expression of both active caspase 9 (by 4.0-fold) and caspase 3 (by 9.4-fold) levels in fetal hearts after in utero cocaine exposure. Such activation of caspases in fetal hearts was significantly (P \ 0.001) prevented by minocycline.
Continued minocycline (37.5 mg/kg BW) treatment from E15 up to P15 prevents in utero cocaine exposureinduced cytochrome c release from mitochondria in fetal hearts Given that inhibition of cytochrome c release is essential for minocycline-mediated protection of neurons [19, 20, 27] or male germ cells [21, 22] , we next examined the cytochrome c release from mitochondria in various treatment groups (Fig. 6) . Ventricular lysates were fractionated into cytosolic and mitochondrial fractions and analyzed by Western blotting. COX IV was used to determine the purity of the mitochondrial fraction. The absence of COX IV in (Fig. 6a) confirmed that the cytosolic preparations were free of mitochondrial contamination. As shown in Fig. 6b , no cytochrome c was detected in cytosol from the ventricles of control neonates. In contrast, cytosolic accumulation of cytochrome c was readily detected in fetal ventricles after in utero cocaine exposure. Minocycline significantly (P \ 0.05) prevented such cocaine-induced release of cytochrome c from mitochondria into the cytosol (Fig. 6b) . These findings were further substantiated by densitometric analysis (Fig. 6c) .
Discussion
Cardiac myocyte apoptosis plays an important role in the morphogenesis and remodeling of mammalian heart during the first 2 postnatal weeks [10, 11] and has been implicated as a mechanism in the development of cardiac failure of either ischemic or non-ischemic origin [12] [13] [14] [15] . In fact, Wencker et al. [12] , using transgenic mice with inducible cardiac myocyte apoptosis, have demonstrated that low levels of apoptosis (levels that are 4.0 to 10-fold lower than those seen in human heart failure cases) are sufficient to cause a lethal, dilated cardiomyopathy. Conversely, inhibition of cardiac myocyte apoptosis in this murine model largely prevents the development of this syndrome [12] . Thus preventing fetal cardiac myocyte apoptosis is an attractive therapeutic strategy to prevent cardiovascular diseases associated with the loss of terminally differentiated cardiac myocytes. A growing body of evidence demonstrates that minocycline has a robust neuroprotective effect in rodent models of neurodegeneration, cerebral ischemia, and traumatic brain injury [19, 20, 27, 41] . This compound is equally effective in protecting testicular germ cells from apoptosis triggered by hormone deprivation [21] or by heat stress [22] . In congruence with these findings, here we show that minocycline is also effective in protecting fetal cardiac myocytes from apoptosis induced by in utero cocaine exposure. Minocycline-mediated protection of fetal cardiac myocyte death occurs through suppression of oxidative stress and p38 MAPK and JNK-mediated intrinsic (mitochondria-dependent) pathway signaling. Our results further demonstrate that suppression of cardiac myocyte apoptosis is only possible through continued treatment of minocycline to pregnant dams from E15 until the pups were sacrificed at P15. Emerging evidence suggests that cardiac oxidative stress is an early event of cocaine administration, which severely compromises the cardiac antioxidative system and causes myocyte damage [42] [43] [44] . Consistent with the role of oxidative stress, in the present study, we found pups those were born to cocaine treated pregnant dams had greater oxidative stress, as evidenced by low GSH/GSSG ratio and increased levels of 4-HNE. Minocycline is indeed effective in mitigating in utero cocaine exposure-induced oxidative stress in fetal hearts. Thus, it is conceivable that minocycline may protect cardiac consequences of prenatal cocaine exposure by suppressing oxidative stress.
Oxidative stress has been implicated in apoptotic signaling in various cell types, including neonatal rat cardiac myocytes [23, 45] . One possible mechanism by which oxidative stress can induce fetal cardiac myocyte apoptosis after prenatal cocaine exposure is through stimulation of p38 MAPK and JNK signaling, resulting in the activation of the mitochondria-dependent intrinsic pathway signaling [35, 39, 46] . Indeed, in the present study, we found activation of both of these kinases in ventricles of the neonates after in utero cocaine exposure compared to that of control neonates. Earlier in vitro studies have shown activation of both p38 MAPK and JNK in cultured rat neonatal cardiac myocytes after ischemia and reperfusion and their inhibition results in attenuation of cardiac myocyte apoptosis [23] . Li et al. [9] have also provided in vitro evidence for a role of p38 MAPK in cocaine-induced neonatal cardiac In utero cocaine exposure-induced activation of p38-MAPK and JNK is further associated with a significant (P \ 0.05) increase in BAX expression (BCL-2 levels remain unaltered) and active caspases 9 and 3 levels (P \ 0.001) as detected by immunoblotting. Minocycline treatment significantly (P \ 0.05) up-regulates BCL-2 levels, suppresses prenatal cocaine exposure-induced changes in the BAX levels and prevents (P \ 0.001) activation of caspases in fetal hearts. The gels are representative of two neonates in each group from one of three separate experiments (n = 10 pups per group). GAPDH in the immunoblot is shown as a loading control myocyte apoptosis. Collectively, the data reported herein provide for the first time an in vivo evidence for involvement of p38 MAPK and JNK in fetal cardiac myocyte apoptosis following in utero cocaine exposure. The signal for activation of p38 MAPK and JNK most likely emanates from in utero cocaine exposure-induced increase in oxidative stress in fetal hearts. Importantly, we further show that continued minocycline treatment significantly suppressed cocaine-induced activation of p38 MAPK and JNK in fetal hearts. Inhibition of p38 MAPK has been known to be associated with minocycline-mediated neuroprotection [19, 47, 48] . In this study, we have provided evidence for involvement of JNK signaling in minocycline-mediated cardioprotection. Thus, minocycline-mediated in vivo cardioprotection in neonates born to pregnant dams receiving cocaine involves inhibition of both JNK and p38 MAPK activation. The downstream signaling events that couple activation of p38 MAPK and JNK with fetal cardiac myocyte death after in utero cocaine exposure have not been previously identified. Several lines of evidence indicate that these kinases can induce apoptosis in various cell systems through perturbation of the BAX/BCL-2 rheostat, cytochrome c release from mitochondria, and subsequent activation of the initiator caspase 9 and the executioner caspase 3 [24, 29, 34, 49, 50] . Indeed, in the present study, we Fetal cardiac myocyte apoptosis Fig. 7 Key signaling pathways involved in minocycline-mediated protection of cardiac myocytes from apoptosis trigged by in utero cocaine exposure. Increased oxidative stress generated in response to prenatal cocaine exposure can result in activation of both JNK and p38 MAPK in fetal hearts. It is likely that activation of these signaling cascades promote fetal cardiac myocyte apoptosis through perturbation of the BAX/BCL-2 rheostat and subsequent activation of cytochrome c-mediated death pathway. Minocycline seems to be working at various steps of the signal transduction pathways involving suppression of oxidative stress, activation of JNK and p38 MAPK, perturbation of the BAX/BCL-2 ratio, cytochrome c release, and activation of caspases 9 and 3 Apoptosis (2011) 16:563-573 571
found that activation of JNK and p38 MAPK is associated with stimulation of the mitochondria-dependent apoptotic pathway characterized by the perturbation of the BAX/ BCL-2 rheostat, cytosolic translocation of mitochondrial cytochrome c and activation of the initiator caspase 9. Intriguingly, we further show that minocycline treatment significantly prevented in utero cocaine exposure-induced cytochrome c release from mitochondria and activation of caspases 9 and 3. This is consistent with earlier works on various cell systems indicating that minocycline-mediated protection of apoptosis occurs through suppression of cytochrome c release and subsequent activation of caspase 9 and caspase 3 [19-22, 27, 48] . In summary, we have extended the protective role of minocycline to neonatal cardiac myocyte apoptosis and provided new insights into the molecular mechanisms by which minocycline prevents in utero cocaine exposureinduced fetal cardiac myocyte apoptosis. Minocycline appears to work at various steps of the signal transduction pathways involving suppression of oxidative stress, activation of JNK and p38 MAPK, perturbation of the BAX/ BCL-2 ratio, cytochrome c release, and activation of caspases 9 and 3 ( Fig. 7) , which may explain why minocycline has a protective effect in a wide range of cells. Minocycline with its proven clinical safety may become an effective therapy for preventing cardiac consequences of prenatal cocaine exposure.
